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NON-BINARY LDPC CODE DECODER

Cross—-Reference to Related Applications

[0001] This claims the benefit under 35 U.S.C. §119(e)
of U.S. Provisional Application No. 61/322,240, filed
April 8, 2010, the contents of which is hereby

incorporated by reference herein in its entirety.

Background of the Disclosure

[0002] The background description provided herein is
for the purpose of generally presenting the context of
the disclosure. Work of the inventors hereof, to the
extent the work is described in this background section,
as well as aspects of the description that may not
o£herwise qualify as prior art at the time of filing, are
neither expressly nor impliedly admitted as prior art
against the present disclosure.

[0003] The present disclosure relates generally to

data decoding, and more particularly to non-binary

iterative decoders for data encoded with a low-density

~parity check (LDPC) encoder.
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[0004] LDPC codes may be used for effectively
correcting errors in information transmitted in a noisy
communications or data storage channel. The information
may be encoded (by a LDPC encoder) prior to transmission
and then subsequently decoded (by a LDPC decoder) when
received. The performance capability of a coding scheme,
such as a LDPC coding scheme, is often described by the
code's performance curve. The performance curve is a
plot of signal-to-noise ratios (SNR) vs. Bit Error Rate
(BER), or equivalently Sector Error Rate (SER). LDPC
codes are one of the best performing error correcting
codes, along with Turbo codes, for use in correcting
errors in information transmitted on almost all
communication and data storage channels in use.

[0005] Traditional LDPC codes may include binary
symbols and may be represented by one of many different
types of parity check matrices. Traditional LDPC codes
may be represented by parity check matrices that include
binary symbols. The structure of an LDPC code's parity
check matrix may be, for example, random, cyclic, or
quasi-cyclic. LDPC codes defined by quasi-cyclic parity
check matrices are particularly common and
computationally efficient. These codes are known as
quasi-cyclic low density parity check (QC-LDPC) codes.
[0006] As used herein, the term message refers to a
numerical value, known as soft-information. In the case
of traditional binary LDPC codes, messages may be

represented in a log likelihood ratio (LLR) form. A LDPC
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decoder (e.g., a flooding decoder) may decode LDPC codes
using an iterative message passing algorithm (flooding
decoding), such as a min-sum decoding algorithm. Such
algorithms may decode a received codeword using an
iterative process in which each iteration includes two
message computation update steps involving check nodes
and variable nodes passing messages to one another. A
LDPC decoder (e.g., a layered decoder) may use a layered
approach to decoding {(layered decoding) to decode LDPC
codes. This approach involves messages being iteratively
computed, updated, and stored.

[0007] LDPC codes and decoders that are used to decode
LDPC codes may be used in numerous applications and
devices. For example, data storage, satellite
communications, wireless communications, wire-line
communications, and power-line communications are
applications that may each require the use of LDPC codes
and LDPC decoders. Devices such as digital camera flash
memory storage, satellites, mobile phones, and other
mobile devices may also each require the use of LDPC
codes and LDPC decoders.

[0008] Traditional LDPC codes, that include
transmitted binary bits, may not be able to take
advantage of information relating groups of several of
these bits. For example, the dependency of bit errors
that may occur, as a result of transmission of
traditional LDPC code bits through a noisy communications

or data storage channel may not be easy to determine from
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log likelihood ratios traditionally computed for each
transmitted bit in the code decoding process. As a
result, traditional LDPC codes, that include binary bits,
and traditional LDPC decoders may not perform as what may
5 be needed for particular applications of LDPC codes and
may not be as computationally efficient as what may be

needed for particular applications of LDPC codes.

Summary of the Disclosure

10 [0009] Accordingly, non-binary LDPC codes and LDPC

decoders that may be used to decode non-binary LDPC codes
are disclosed. Systems and methods are also disclosed to
compute messages (equivalently, soft information),
related to non-binary LDPC codes, in a

15 log-likelihood-ratio vector (LLRV) form and in a metric
vector form and to process these messages in non-binary
LDPC decoders. Systems and methods are additionally
disclosed to convert messages between the LLRV form and
the metric vector form. The implementation and use of

20 non-binary low density parity check code decoders, the
computation of messages in the LLRV and metric vector
forms, and the use of message conversion systems and
methods, according to this disclosure, may provide
increased information relating groups of several of the

25 codeword bits, increased computational efficiency and
decoding ability, and improved application performance.
[0010] In particular, non-binary LDPC codes to be

decoded may be include non-binary symbols or variables.
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Each non-binary symbol or variable may be used to
represent a group of several bits (for transmission on a
communications channel and subsequent reception by a
non-binary LDPC decoder). The use of non-binary symbols
or variables in LDPC codes for use in the systems and
methods described herein may allow for greater
interdependency information pertaining to the bits in the
group associated with the symbols or variables (when
compared with the use of binary codes). The use of
systems and methods, including non-binary LDPC codes and
non-binary LDPC decoders, according to this disclosure,
may provide a gain in performance over traditional binary
LPDC code when used in conjunction with a channel that
has inter-symbol interference (ISI). The use of systems
and methods according to this disclosure, may also
provide a substantial gain over traditional binary LPDC
code when used in conjunction with a channel that has no
ISI. For example, the use of systems and methods
according to this disclosure may provide a performance
gain of about or greater than 0.6 decibels (dB) and may
allow for more effective corrective power in the decoding
process.

[0011] In addition, a non-binary LDPC code's parity
check matrix with a column weight (cw) that is the same
as that of a binary LDPC code's parity check matrix, may
have a lower error floor with regards to the LDPC code's
performance curve. If cw is reduced for a non-binary

LDPC code's parity check matrix, a substantial gain may

SUBSTITUTE SHEET (RULE 26)



WO 2011/127287 PCT/US2011/031583

10

15

20

25

be realized in the code's performance curve while a lower
error floor may be maintained. A lower cw may allow for
larger non-binary LDPC decoder pipelines (which determine
the amount of data that may be processed by a decoder at
one time) and allows for more iterations for processing a
non-binary LDPC code. Moreover, a lower cw may allow for
more effective correction of detected defects and other
errors.

[0012] In some embodiments, soft information may be
determined based on a received vector using, e.g., a
detector. A plurality of messages may be computed based
on the determined soft information using, e.g., a
decoder. Each of the plurality of messages may be in a
first form or a second form. At least one of the
plurality of messages may be converted from the form that
it is in to the other of the first or second forms using,

e.g., a format converter.

Brief Description of the Figures

[0013] The above and other aspects and advantages of
the invention will be apparent upon consideration of the
following detailed description, taken in conjunction with
the accompanying drawings, in which like reference
characters refer to like parts throughout, and in which:
[0014] FIG. 1 shows an illustrative communication or
data storage system that utilizes error-correction codes
for achieving reliable communication or storage in

accordance with some embodiments;
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[0015] FIG. 2A shows an illustrative example of the
properties of a codeword in accordance with some
embodiments;

[0016] FIG. 2B shows an illustrative example of a
message in LLRV form and in metric vector form for GF(q)
codewords in accordance with some embodiments;

[0017] FIG. 2C shows illustrative egquations used for
converting a message between the LLRV form and the metric
vector form for GF(q) codewords in accordance with some
embodiments; '

[0018] FIG. 3 shows an illustrative example of gquasi-
cyclic non-binary parity check matrix in a mother matrix
representation in accordance with some embodiments.
[0019] FIG. 4 shows a graphical illustration of a
non-binary parity check matrix and an iterative message
passing algorithm in accordance with some embodiments;
[0020] FIG. 5 shows a graphical illustration of a
non-binary QC-LPDC code's non-binary quasi-cyclic parity
check matrix in a mother matrix representation and a bi-
partite graph illustrating the use of parallel processing
in the layered approach used to decode the non-binary
LDPC code in accordance with some embodiments;

[0021] FIG. 6 shows a graphical illustration of the
scheduling of update steps in the layered approach to
decoding a non-binary LDPC code and a graphical
illustration of reading from and writing to decoder
memory when the update steps are performed in accordance

with some embodiments;
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[0022] FIG. 7 shows a simplified block flow diagram of
the operation of a layered non-binary LDPC decoder in
accordance with some embodiments;

[0023] FIG. 8 shows a simplified application specific
integrated circuit (ASIC) block diagram of a layered
non-binary LDPC decoder in accordance with some
embodiments;

[0024] FIG. 9 shows an example of a hardware
implementation hierarchy of a non-binary LDPC decoder in
accordance with some embodiments; and

[0025] FIG. 10 shows a flowchart of a process for
decoding a received vector using a non-binary decoder in

accordance with some embodiments.

Detailed Description of the Disclosure

[0026] As used herein, "information" and "data" refer
to any unit or aggregate of energy or signals that
contain some meaning or usefulness. Encoding may
generally refer to the process of generating data in a
manner that facilitates subsequent detection and/or
correction of errors in the data, while decoding may
generally refer to the counterpart process of detecting
and/or correcting the errors. The elements of a coding
system that perform encoding and decoding are likewise
referred to as encoders and decoders, respectively.
Systems and methods related to non-binary LDPC codes and
non-binary LDPC decoders are provided for increased

information relating groups of codeword bits, increased
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computational efficiency, and improved application
performance. In applications or devices where
information may be altered by interference signals or
other phenomena, error-correction codes, such as
non-binary LDPC codes, may provide a measured way to
protect information against such interference.

[0027] The following description of embodiments of the
present disclosure provides illustration and description,
but is not intended to be exhaustive or to limit the
disclosure to the precise form disclosed. Modifications
and variations are possible in light of the above
teachings or may be acquired from practice of what is
disclosed herein. For example, while a LDPC decoder is
described with relation to FIGS. 1-10, below, this
element may be replaced by any type of decoder (e.g., a
Turbo Code decoder, a layered decoder, or a flooding
decoder). The decoder may make use of either hard
information (e.g., using a hard decoder such as a
bit-flipping decoder) or soft information (e.g., using an
iterative soft decoder) to decode incoming information.
While multiple examples, that make use of exemplary
Galois Fields of size 4, are disclosed herein, Galois
Fields of any size may be used. While certain components
of the present disclosure have been described as
implemented in hardware and others in software, other
configurations may be possible.

[0028] FIG. 1 shows an illustrative communication or

data storage system 100 that utilizes error-correction
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codes for achieving reliable communication or storage in
accordance with some embodiments. User information 102
is encoded through encoder 104. User information 102,
often referred to as the message information or a message
vector, may be grouped into units of k symbols, where
each symbol may be binary, ternary, quaternary, oOr any
other suitable type of data. In the process of encoding
user information 102, different codes may be used by
encoder 104 to achieve different results.

[0029] As shown in FIG. 1, encoder 104 may encode user
information 102 using a non-binary low density parity
check (LDPC) code. Non-binary LDPC codes may include
non-binary symbols. Non-binary LDPC codes may be
represented by one of many different types of parity
check matrices, as described above, that contain
non-binary symbol elements. The result of encoding user
information 102 is codeword 106, also denoted as W.
Codeword 106 may be of a predetermined length, which may
be referred to as n, where n 2 k. Codeword 106 may
include non-binary symbols corresponding to any of the
elements in Galois Field (q), GF(q), where g denotes the
number of elements in the Galois Field. Codeword 106 may
be referred to as a GF(g) codeword.

[0030] In one implementation, codeword 106 is passed
to a modulator 108. Modulator 108 prepares codeword 106
for transmission on channel 110. Modulator 108 may use
phase-shift keying, frequency-shift keying, quadrature

amplitude modulation, or any suitable modulation
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technique to modulate codeword 106 into one or more
information-carrying signals. Channel 110 may represent
media through which the information-carrying signals
travel. For example, channel 110 may represent a wired
or wireless medium in a communication system, or an
electrical (e.g., RAM, ROM), magnetic (e.g., a hard
disk), or optical (e.g., CD, DVD or holographic) storage
medium in which the information-carrying signals may be
stored.

[0031] Due to interference signals and other types of
noise and phenomena, channel 110 may corrupt the waveform
transmitted by modulator 108. Thus, the waveform
received by demodulator 112, received waveform 111, may
be different from the originally transmitted signal
waveform. Received waveform 111 may be demodulated with
demodulator 112. Demodulator 112 may demodulate received
waveform 111 with filters, multiplication by periodic
functions, or any suitable demodulation technigue
corresponding to the type of modulation used in
modulator 108. The result of demodulation is received
vector 114, which may contain errors due to channel
corruption. Each entry in received vector 114 may be
referred to as a symbol or a variable. Each variable or
symbol may be one of multiple non-binary values.

[0032] Received vector 114 may then be processed
(decoded) by LDPC decoder 116. This processing may also,
equivalently, be referred to as decoding a non-binary

LDPC code or a received vector. LDPC decoder 116 may be
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a non-binary code decoder. LDPC decoder 116 may be used
to correct or detect errors in received vector 114.

LDPC deccder 116 may use a barrel shifter. A barrel
shifter may be used by LDPC decoder 116 to shift messages
computed or received by the LDPC decoder in order to
decode a LDPC code. LDPC decoder 116 may use an
iterative message-passing algorithm or layered decoding
to correct or detect errors in received vector 114. LDPC
decoder 116 may receive (e.g., from a channel detector,
such as a SOVA detector) or compute an initial 'set of
messages (soft information) in a log-likelihood-ratio
message vector (LLRV) form or in a metric vector form
based on the entries of received vector 114. For
example, for GF(4) codewords, LDPC decoder 116 may
compute or receive an initial message in LLRV form based

on the equation

P(v,=0), ,  P(v,=0) P(v, =0)

T
Liiia @) =|:log( Pe ) )’IOg(P(v,. - 2)), log(m)] for each i, where

v; may represent the variable associated with the ith

entry in received vector 114. LDPC decoder 116 may
instead receive the initial messages in metric vector
form. As will be discussed in greater detail, below,
LDPC decoder 116 may use the initial messages in LLRV
and/or metric vector form while processing messages in
the message passing algorithm or in layered decoding.
When utilizing such iterative algorithms,

LDPC decoder 116 may perform several iterations of the

algorithm until the output of LDPC decoder 116 converges
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to a valid codeword. 1In some instances, the output of
LDPC decoder 116 may fail to converge to a valid
codeword. Decoder failure may be caused by a variety of
reasons. Because the output of LDPC decoder 116 may
never converge to a valid codeword in certain situations,
LDPC decoder 116 may be equipped with a maximum iteration
limit, which may be any suitable predetermined number.
When LDPC decoder 116 reaches the maximum iteration
limit, LDPC decoder 116 may automatically terminate
operation and move on to the next received vector 114.
However, if the output of LDPC decoder 116 successfully
converges to a valid iterative codeword, LDPC decoder 116
may then output decoded information 118.

[0033] FIG. 2A shows an illustrative example of the
properties of codeword 106 of FIG. 1 in accordance with
some embodiments. The LDPC codes processed by

encoder 104 of FIG. 1 and LDPC decoder 116 of FIG. 1 are
conventionally represented by mathematical vector models.
In particular, a non-binary LDPC code may be described by
its parity check matrix H. Equation 210 illustrates
parity check matrix 212. Parity check matrix 212 may
include non-binary elements. Parity check matrix 212 may
be of size [r x n], corresponding to codewords of length
n and syndromes of length r. Codewords may be, for
example, n-length codeword 106 of FIG. 1 or n-length
received vector 114 of FIG. 1. Syndrome length r may
satisfy the inequality r > n - k and where k is the length

of the information being encoded (e.g., length of -user
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information 102 of FIG. 1). When parity check matrix 212
is multiplied by codeword 214, the result is zero-

vector 216, which is a vector of size [r x 1] where all
elements equal zero. Parity check matrix 212 has a
maximum column weight (cwmax) defined to be the maximum of
the set of the number of nonzero entries in each column
of parity check matrix 212. Parity check matrix 212 is
not unique, and may be chosen, for example, to be
computationally convenient and/or to decrease the number
of errors generated by the message passing algorithm in
LDPC decoder 116. As discussed in relation to FIG. 1,
codeword 214 (or a received vector) may be decoded in
LDPC decoder 116 to produce decoded information 118.
[0034] By way of example, A non-binary parity check
matrix defined for GF(4), where entries can take 4

12030

and a GF (4)
0 210 2]

different values, may be [{=[

codeword may be »v=[2 1 30 ﬂT. For GF(4) codewords (and

received vectors) addition and multiplication may be

performed according to the following tables:

additionfO0 |1 (2|3 multiplicationfO0|1}|21}3
0 0|1(2]3 0 010]01}0
1 110132 1 011123
2 213101 2 012131
3 3121110 3 013|1]2

where the result of an addition of an entry in the first

row with an entry in the first column is shown in the
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first table and the result of a multiplication of an
entry in the first row with an entry in the first column
is shown in the second table. The result, therefore, of
multiplying the parity check matrix H with the codeword w
is a zero vector, because 1x2 + 2xl1 + 0x3 + 3x0 + 0x3 = 0
and 0x2 + 2x1 + 1x3 + 0x0 + 2x3 = 0.

[0035] In general, operations such as addition and
multiplication associated with GF(q) codewords may be
defined according to finite field arithmetic associated
with GF(g). Such operations associated with GF(q)
codewords may be referred to as GF(g) operations.

[0036] FIG. 2B shows an illustrative example of a
message in LLRV form and in metric vector form for GF(q)
codewords in accordance with some embodiments.

Equation 220 illustrates a message, Ly, in LLRV form. Ly
may be of size g-1. For a codeword (e.g., codeword 214
of FIG. 2) or a received vector (e.g., received

vector 114 of FIG. 1), L, may indicate the likelihood of a
particular variable, v, in the codeword or received
vector equaling a particular element in GF(qg) relative to
v equaling zero. For a codeword or a received vector,
the likelihood of a variable, v, in the codeword or
received vector, equaling zero relative to itself, is
equal to 0 (since log(P(v=0)/P(v=0)) = 0). The most
likely value for the variable may correspond to the
variable, v, associated with the minimum entry in L,, or
zero, if zero is the less than the minimum entry. For

example, for GF(4), 2 is the most likely value for the
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variable associated with the message Lv=[—1 -4 SY and 0
is the most likely value for the variable associated with
the message Lv=[8 9 Z]T.

[0037] Equations 230 illustrates a message, M,, in
metric vector form, and equation 232 illustrates the most
likely variable value, sy. The value of s, may indicate
the most likely variable value of all the elements in
GF(g). M, may be of size g-1 and nonnegative (i.e., all
of the entries of M, are nonnegative). For a codeword or
a received vector, My(x) may represent the likelihood of a
variable, v, 1in the codeword or a received vector
equaling s, + x, relative to v equaling sy, where x is an
element in GF(g) and the addition is a GF(qg) operation.
For example the most likely value may be sy = 1 for the
T

variable, v, associated with the message A4v=[6 2 Sﬂ In

that case, as indicated by My, the likelihood of the
variable v equaling s, + 1 = 0 is 6 away from the
likelihood of it equaling sy = 1 (using GF(4) operations).
The likelihood of the variable v egqualing s, 2 =3 1is 2

+
away from the likelihood of it equaling sy = 1. The

likelihood of the variable v equaling s, + 3 2 is 9 away
from the likelihood of it equaling s, = 1.

[0038] The LLRV form, may be generally expressed as
Ly(x) = log(P{(v=0)) - log(P(v=x)) (after expansion of the
logarithm). The log{(P(v=0)) term of L, may instead be
defined to be any constant value, c. For example, in the

calculation of a new LLRV form, the value of ¢ may be set
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equal to log(P(v = s,)), where s, is defined as it is
above. In this example, the message Lv=[—6 3 -—4Y in the
original LLRV form, may be equivalently represented as

sy =1 and M,=[6 2 9] in the metric vector form, and

Lv=[6 0 9 2] in the new LLRV form. The new LLRV form

may be a constant offset from the original LLRV form.

The new LLRV form may require four elements (i.e., four
numbers) and may therefore not be stored in memory. The
new LLRV form may be computed as an intermediate step for
use in processing. As another example, a value c equal

to log(P{(v=0)), when x = 0 may be used to save memory,

because L,(0) = 0, and this value may not need to be
stored in memory. If the value of c is set equal to
log(P(v=sy)), then Ly (x) = log(P(v=s,)) - log(P(v=Xx)),

which is similar to the metric vector form M, =
log(P(v=sy)) - log(P(v=sy+x)). Therefore, when c is set
equal to log(P(v=sy,)), conversion between L, and M, may be
made simpler. For example, in this case, My(X) = Ly (sy*X)
and Ly(x) = My (s,+x), both of which may not require
addition and/or subtraction for the conversion. Using
the new LLRV, form may result in a large savings in the
number of additions and comparisons to convert to metric
vector form. For example, such savings can be realized
when two messages in metric vector form are to be
converted to the LLRV form and added, and the result is
to be converted back to the metric vector form. In

particular, the conversion to and addition in the LLRV
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form may take 2*(g-1) additions and (g-1) additions,
respectively, and the conversion of the result to metric
vector form may take (g-1) additions and (g-1)
comparisons. Thus, the total number of additions and
comparisons required may be 4* (g-1) additions and g-1
comparisons. However, using the new LLRV form for these
set of operations requires only (g-1) additions and (g-1)
comparisons.

[0039] FIG. 2C shows illustrative equations used for
converting a message between the LLRV form and the metric
vector form for GF(q) codewords in accordance with some
embodiments. It may be possible to convert between a
message (also known as soft information) in a LLRV form
and the message in a metric vector form. Given a message
in a LLRV form, the metric vector form may be computed
using equation 242 to determine the value of sy and
equation 240 to determine the vector M,. For example, for

GF (4) codewords or received vectors, and for the message
L =[-6 3 ~4]", the metric vector form is

s, = argmin{O, L@, L2), L, (3)} =—argmin{0, -6, 3, —-4}=1 and
M,(x)=log(P(v=s,)/P(v=s,+x)) =
log(P(v=0)/P(v=s,+x))—log(P(v=0)/P(v=s)) =L (s, +x)—L,(s,) =

[6 2 9Y, where My,{(0) = 0, and where GF(4) operations are

used for addition and multiplication of variable values.
In particular, in metric vector form, the most likely
value, s, = 1 corresponds to the variable value associated

with the minimum of the entries in L., {0, -6, 3, -—-4}.
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Then, since sy, + 1 = 0, and since, in L,, the difference
in the likelihood of 0 and 1 is 6, the first entry in My
is 6. Similarly, since sy + 2 = 3, and since, in L,, the
difference in the likelihood of 3 and 1 is 2, the second
entry in M, is 2. Additionally, since s, + 3 = 2, and
since, in Ly, the difference in the likelihood of 2 and 1
is 9, the third entry in M, is 9.

[0040] Given a message in a metric vector form, the
LLRV form may be computed using equation 250 to determine

the vector Ly. For example, for GF(4) codewords or
received vectors, and for the message A4v=[6 2 9Y, where

s,=1, the LLRV form is L, (x)=log(P(v=0)/P(v=1x))=

14

log(P(v=s,)/ P(v=1x))-log(P(v=s,)/P(v=0)) = M, (s, +x)—M,(s,)=

L—6 3 -—4F, where L,(0) = 0, and where GF(4) operations
are used for addition and multiplication of variable
values. 1In particular, the most likely value is sy = 1.
Then, in LLRV form, Lv{(0) = 0, and to keep the same
relative likelihood between 0 and 1 (i.e., a relative

likelihood of 6), Lv(l) = -6. To keep the same relative

‘likelihood between 3 and 1 (i.e., a relative likelihood

of 2), Lv(3) = -4. To keep the same relative likelihood
between 2 and 1 (i.e., a relative likelihood of 9),
Lv(2) = 3.

[0041] FIG. 3 shows an illustrative example of
non-binary quasi-cyclic parity check matrix 310 in a
mother matrix representation in accordance with some

embodiments. A mother matrix representation is a compact
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way for describing a matrix that may contain a large
number of elements. The mother matrix representation is
equivalent to the normal matrix representation, but may
be advantageous in illustrating the structure of a
possibly large matrix without the necessity of explicitly
listing each element in the matrix.

[0042] A non-binary quasi-cyclic LDPC (QC-LDPC) code
representation is defined by the characteristic that the
non-binary parity-check matrix for that particular code
is quasi-cyclic. A quasi-cyclic parity check matrix in a
mother matrix representation may be made up of circular
submatrices known as circulants. Circulant 340 is one
such matrix. Circulant 340 is a square matrix - i.e,
circulant 340 has the same number of rows as columns.
This number is commonly referred to as the circulant size
Sc. In addition, circulants have the property that for
any given positive integer C;,y < Sc, any row/column of the
circulant matrix may be cyclically shifted by Cj,;
positions to obtain another row/column. The value of
each non-negative integer in non-binary quasi-cyclic
parity check matrix 310 specifies the corresponding
circulant submatrix in terms of a "shift," C;,y, relative
to a non-binary identity matrix (e.g., defined by
elements which are "0" and elements which are one or more
binary or non-binary values, hyy). For example, the
number zero represents one type of identity matrix,
identity matrix 330 of size S.. The number three

represents matrix 340 which is non-binary identity
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matrix 330 with each row cyclically shifted to the right
by three positions. As a matter of notation, minus-one
denotes the all-zero matrix 320. For brevity, the phrase
"non-zero circulant"” will be used to refer to any
circulant matrix that is not the all-zero matrix. Recall
that parity check matrix 310 is of size [r x n]. Thus,

the size of the mother matrix is [r,=¢/§

¢ x nm=n/Sc]’

where S., r, and n are chosen so that #, and n, are

integers.

[0043] If a quasi-cyclic representation of a
non-binary parity check matrix is used, then the
implementation of an LDPC encoder and decoder (e.g., LDPC
encoder 104 and LDPC decoder 116), may be significantly
simplified. One reason for this is that non-binary
parity check matrix 310 may be much easier to store,
since only the first row/column of each circulant matrix
needs to be stored in order to generate the entire
circulant. If the circulant is sparse (has low
row/column weight) then it may be stored by simply
storing the positions and the values in its first row (or
first column). Furthermore by using a gquasi-cyclic
representation of a non-binary parity check matrix, the
storage of the messages used during the decoding of a
LDPC vector within LDPC decoders may also be made more
compact and parallelization in the encoder/decoder may be
achievable with simple shifting operations, since
adjacent rows (or adjacent columns) corresponding to the

same circulant are cyclic shifts of each other. 1In
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addition, for some non-binary quasi-cyclic LDPC codes,
encoding and decoding can be further simplified by
efficient address-generation.

[0044] FIG. 4 shows graphical illustration 400 of
non-binary parity check matrix 402 and iterative message
passing algorithm 406 in accordance with some
embodiments. An LDPb code may be graphically represented
by a Tanner graph, a bipartite graph showing the
relationship between a LDPC code's codeword symbols
(equivalently variables) and parity check equations. The
advantages of using a Tanner graph of a LDPC code may
include access to efficient graph-based message-passing
algorithms for decoding. There are two types of nodes
shown in Tanner graphs 403 and 404. Variable nodes 401
represent each position in codeword 106 or received
vector 114 of FIG. 1 of FIG. 1 and are denoted by
circles. Thus, there may be n variable nodes. Variable
nodes may also be referred to as symbol nodes. Check
nodes 405 may represent each syndrome (syndrome equation
or parity check equation) of LDPC code. For example,
there may be n - k check nodes. Check nodes are denoted
by squares.

[0045] Tanner graphs 403 and 404 correspond to parity
check matrix 402. The check nodes and variable nodes of
Tanner graphs 403 and 404 may correspond to the rows and
columns of parity check matrix 402 (associated with a
GF(4) codeword), respectively. The undirected, weighted

edges connecting check nodes with variable nodes may

SUBSTITUTE SHEET (RULE 26)



WO 2011/127287 PCT/US2011/031583

10

15

20

25

- 23 -

correspond to the locations of the non-zero entries of
parity check matrix 402. The weight (or, equivalently
coefficient), hg,y, on each weighted edge may correspond
to the value at the (x,y) location of parity check

matrix 402. For example, the "1" at the (1,1) location
and the "2" at the (1,2) location of parity check

matrix 402 may indicate that there is an edge of weight
one between check node S; and variable node V;, and that
there is an edge of weight two between check node S; and
variable node V;, respectively. The 0 at the (2,1)
location of parity check matrix 402 may indicate that
there is no edge between check node S; and variable node
Vi. Therefore, if there are dy non-zero entries in a
given column of parity check matrix 402, then there are dy
weighted edges emanating from the variable node
corresponding to that column. Equivalently, the variable
node corresponding to that column may have a degree of d,.
Similarly, if there are d. non-zero entries in some given
row of parity check matrix 402, then there may be d. edges
emanating from the check node corresponding to that row.
Equivalently, the check node corresponding to that row
may have a degree of dc.

[0046] The check nodes (e.g. check nodes 405) of a
Tanner graph may either be satisfied or unsatisfied,
where a satisfied node has a value of zero and an
unsatisfied node has a non-zero value. A check node may
be satisfied (i.e., equal to zero), if the values at the

variable nodes connected to the check node, each
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multiplied by their respective weight, sum to zero. In
this case, multiplication and addition are defined with
respect to the Galois field from which symbols for the
LDPC code (or codeword) are determined. For example,
check node S, of Tanner graphs 403 and 404 may be
satisfied if the values at V,, V3, and Vs, multiplied by
the respective weights (i.e., 2, 1, and 2, respectively)
on the edges connecting these nodes to Sz, sum to zero.
Furthermore, when a check node is unsatisfied, at least
one of the variable nodes connected to it may be in error
(1.e., the symbol or variable associated with the
variable node is in error). Thus, the value of the check
nodes (or equivalently, the value of the syndrome
produced by parity check matrix 402 and the received
vector) may provide a parity check on each vector
received (e.g., received vector 114 of FIG. 1) by a LDPC
decoder (e.g., LDPC decoder 116 of FIG. 1), thereby
providing error correction capability to
communication/storage system 100 of FIG. 1.

[0047] Tanner graphs 403 and 404 may be used to
illustrate an iterative two-step decoding algorithm known
as message passing algorithm 406 employed by, for
example, LDPC decoder 116 of FIG. 1. The message passing
algorithm may perform several rounds (or iterations) of
message updates in accordance with the structure of the
Tanner graph associated with the parity check matrix of

the LDPC codes to be decoded. The message passing
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algorithm may be used to decode a received vector (e.g.

received vector 114 of FIG. 1).

[0048] The update steps in message passing

algorithm 406 employed by, for example LDPC decoder 116,
may be scheduled in multiple ways. For example, each
iteration 412 of message passing algorithm 406 may
include processing several check nodes. For example, in -
the first iteration, a first subset of check nodes 405
(e.g., check nodes S; and S;) may request that some of
variable nodes 401, to which they are connected, send
their current messages to these check nodes. Check

nodes S; and S; may then perform update 408 by carrying
out computations based on the messages that they receive
and a set of update rules. Then, check nodes S; and S;
may send their current messages to the variable nodes to
which they are connected. The variable nocdes connected
to check nodes S; and S; (i.e. variable nodes Vi, V3, V4
and nodes V,, V3 and Vs, respectively) may then perform
update 410 by carrying out computations based on the
messages that they receive and a set of update rules. In
this way, each iteration 412 may include a subset of
check nodes 405, not already updated, that may perform
update 408 and variable nodes connected to these check
nodes may then perform update 410.

[0049] Iteration 412 may be repeated until either the
received vector has been decoded or until a threshold
number of iterations has been reached. The messages that

are sent during each step of each iteration of message
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passing algorithm 406 may depend on the update rules and
the scheduling of the update steps.

[0050] Prior to the first iteration of message passing
algorithm 406, each of the variable nodes 401 of FIG. 4
may receive or compute an initial message, Linitial
(discussed above) based on/derived from the entries of a
received vector (e.g., received vector 114 in FIG. 1).
As discussed above, each iteration of message passing
algorithm 406 may include two steps. In the first step,
check nodes may update and in the second step variable
nodes may update. This process may be repeated until
either the received vector (or codeword) has been decoded
or until a threshold number of iterations has been
reached.

[0051] For example, in the first step, a group of
variable nodes within the set of variable nodes 401 may
send their current messages to a group of check nodes
(e.g. to be processed in the first layer of message
passing decoding) within the set of check nodes 405 to
which they are connected. These messages may each be
appropriately weighted (i.e., multiplied) by the
respective weight on the edge connecting the particular
one of variable nodes 401 with a particular one of the
check nodes to produce a weighted message. The group of
check nodes may then perform update 408 by carrying out
computations based on the weighted messages that they
receive and a set of update rules. For example, these

check nodes may each receive d. messages, each from a
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different variable node to which it is connected. Each
message sent from the group of variable nodes to the
group of check nodes, and appropriately weighted, may be
labeled as a Q type message. Each Q type message may be
in a metric vector form or a LLRV form. An a-posteriori
probability (APP) message computed for any node in the
group of variable nodes, and appropriately weighted, may
be labeled as P type message. Each P type message may be
in a metric vector form or a LLRV form. Q type or P type
messages may be stored in the LDPC decoder's memory.

[0052] For example, messages sent from variable nodes
to check nodes may be labeled Qi through Q, . The group

of check nodes may then update by computing each entry in
a R type message (a vector) using each entry in the Q
type message (a vector) and a min approximation. 1In one
embodiment, using all of the Q type messages it received,
each of the check nodes in the group of check nodes may

compute a R type message based on the equation

R dl'—l
tmﬂm5)=I1tmﬂKgi), which may be approximated using min
k=1

2

d -1
approximation Rzmin(Qk,...,Qdc_l)Hsign(Qk). In other

k=1
embodiments, R type messages may be calculated using
other equations/formulas (e.g., other min approximations)
based on Q and/or P type messages. For example,
decoders, as described in the present disclosure, may
make use of any equation/formula to compute R type

messages. In this case, the minimum may be with respect
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to the entries (equivalently components) of the Q type
messages. The Qy messages (i.e. a number k of Q type
messages) may be read directly from the memory of the
decoder or may be reconstructed. The Q¢ messages may be
reconstructed from the Px messages (i.e. a number k of P
type messages) and the previous R type messages that may
be read from the memory of the LDPC decoder. Therefore,
the min approximation may be computed using P type
messages in order to derive R type messages. Each R type
message may be in a metric vector form or a LLRV form.
The newly computed R messages may be sent to each of the
variable nodes to which the check node is connected.
[0053] In the second step, a group of check nodes
within the set of check nodes 405 may send their current
message to a group of variable nodes within the set of
variable nodes 401 to which they are connected. The
group of variable nodes may then perform update 410 by
carrying out computations based on the messages that they
receive and a set of update rules. For example, these
variable nodes may each receive d, messages each from
different check nodes to which it is connected. Each
message sent from the group of check nodes to the group
of variable nodes may be labeled as a R type message.

[0054] For example, the messages sent from check nodes

to a variable node may be labeled R; through R, . The

group of variable nodes may then update by computing a Q
type message using each R type message it received.

Specifically, using its initial message, and each of the
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R type messages received, each variable node of the group

of variable nodes may compute a Q type message based on

d,-1
the equation Q = Ljpjtia1 + 2:Rj. As used herein, Linitial
j=l

may be the initial message (in LLRV form, as shown, or in
metric vector form) for a particular variable node
computed by the LDPC decoder or sent to the LDPC decoder
by, for example, a channel detector. Similarly, message
update steps may be performed to compute a P type message
(also known as an a-posteriori probability (APP)
message). Using its initial messages and each of the R
type messages received, each variable node of the group

of variable nodes may compute a P type message 515 based

d,
on the equation: P = Ljpjtia1 + §:Rj. In addition, each
Jj=1

variable node of the group of variable nodes may also
compute an extrinsic (LLRgxr) message based on the

d,
equations: LLRapp(V) = Lipjtial + }:Rj and

j=1
LLRgxr (V) = LLRapp (V) — Lijnitiar. Some or all of these newly
computed messages may or may not be sent to each of the
check nodes to which the variable node is connected.
[0055] The design of message passing algorithm 406 may
be modified to decode a QC-LDPC code in a more efficient
manner. In particular, the schedule of update steps in
message passing algorithm 406 may be altered to exploit
the quasi-cyclic nature of the parity check matrix

associated with the QC-LDPC code. To decode a QC-LDPC
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code, message passing algorithm 406 may make use of a
barrel shifter.

[0056] FIG. 5 shows graphical illustration 500 of a
non-binary QC-LPDC code's non-binary quasi-cyclic parity
check matrix 501 in a mother matrix representation and a
bi-partite graph illustrating the use of parallel
processing in the layered approach used to decode this
non-binary LDPC code in accordance with some embodiments.
Graph 500 includes grouped check nodes 521, 522 and 523
and grouped variable nodes 511 512 513 514 515, and 516.
The edges between the grouped check nodes and the grouped
variable nodes may represent possible permutations, m;, of
a plurality of weighted edges generated based on a non-
zero circulant in non-binary quasi-cyclic parity check
matrix 501. In other words, the non-zero circulant may
be the weighted adjacency matrix of the sub-graph of
connections between each group of check nodes and each
group of variable nodes. To decode a non-binary QC-LDPC
code, particular layers or groups of check nodes may
update in parallel. To accomplish this, check nodes
associated with row in non-binary quasi-cyclic parity
check matrix 501, in a mother matrix representation, may
be grouped together. This process may result in grouped
check nodes 521, 522, and 523. For example, check nodes
associated with the first four rows of the non-binary
LDPC code's parity check matrix, labeled 0, 1, 2, and 3,
may be combined into grouped check nodes 521 and may be

updated at substantially the same time (i.e. processed in
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parallel, for example, in the first layer of decoding).
Variable nodes associated with a particular column in
non-binary LDPC code's parity check matrix 501, in a
mother matrix representation, may be grouped together,
This process may result in grouped variable

nodes 511 512 513 514 515, and 516.

[0057] Processing for and updating of all check nodes
in grouped check nodes 521, 522, or 523 may be done in
parallel. Similarly, processing for and updating of all
variable nodes in grouped variable

nodes 511 512 513 514 515, and 516 may also be done in
parallel. To decode a non-binary LDPC code (codeword or
received vector) using a layered decoding approach, the
fundamental principles of message passing algorithm 406
of FIG. 4 may be used. This process of decoding a
non-binary LDPC code will be explained further below.
[0058] FIG. 6 shows graphical illustration 610 of the
scheduling of update steps in the layered approach to
decoding a non-binary LDPC code (codeword or received
vector) and graphical illustration 620 of reading from
and writing to decoder memory when the update steps are
performed in accordance with some embodiments. 1In
illustration 610, grouped variable nodes 616 are denoted
by a circle. In illustration 610 grouped check nodes 612
and grouped check nodes 614 are denoted by squares.
Illustration 620 shows the reading and writing of R type
and P type messages from memory and to memory when

layered decoding is used. Illustration 620 shows
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non-binary quasi-cyclic parity check matrix 628 in mother
matrix representation. Illustration 620 shows R

memory 601 and P memory 602 associated with these parity
check matrices. The organization of the memory locations
in R memory 601 and P memory 602 may be governed by a
parity check matrix in a mother matrix representation.
[0059] Each square within R memory 601 may represent a
memory location for data used to derive R type messages
(e.g. R type messages 624 or R type messages 622) of
grouped check nodes represented by a row of the
non-binary quasi~cyclic parity check matrix in a mother
matrix representation (e.g. non-binary parity check
matrix 628). For example, each memory location may

contain data such as Minl (M' or Ui), MinlIndex (i'), MinZ2

(M'' or W), and an AccumulatedSign (s), in addition to
other data. Minl may correspond to the entry-wise
(equivalently, component-wise) minimum of all P type
messages associated with non-zero circulants in the
corresponding row of the non-binary quasi-cyclic parity
check matrix in a mother matrix representation and
MinlIndex may be the column location of this P type
message. Similarly, Min2 may correspond to the second
entry-wise (equivalently, component-wise) minimum of all
P type messages associated with non-zero circulants in
the corresponding row of the non-binary quasi-cyclic
parity check matrix in a mother matrix representation.
The value of AccumulatedSign may be the entry-wise

(equivalently, component-wise) sum of the signs of all P
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type messages associated with non-zero circulants in the
corresponding row of the non-binary quasi-cyclic parity
check matrix in a mother matrix representation. The
minimum of all P type messages may be taken once the P
type messages are adjusted (e.g., by subtracting an old R
type message, Rold, from each P type message Q:= P - Rag
and determining the minimum amongst these Q messages).

Data such as Minl (M' or W;), MinlIndex (i'), Min2 (M'' or

U2), and an AccumulatedSign (s), as well as other stored
data, may be used to derive an R type message (e.g.as
discussed above). In performing a comparison between P
and/or Q type messages (e.g., while computing R type
messages) or any other messages, the metric vector form
of these messages may be most computationally efficient.
Therefore, the metric vector form of these messages may
be used while an R type message is computed and/or
derived. Each square within P memory 602 may represent
memory locations for the P type messages (e.g. P type
messages 626) of grouped variable nodes represented by a
column of the non-binary quasi-cyclic parity check matrix
in a mother matrix representation (e.g. parity check
matrix 628). The equations discussed above, with
reference to the message passing algorithm, may be used
to derive P and/or Q type messages (e.g. based on a
summation operation involving R type messages). 1In
performing an arithmetic operation on R type messages or
any other messages, the LLRV form of these messages may

be most computationally efficient. Therefore, the LLRV
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form of these messages may be used while P and/or Q type
messages are computed and/or derived. 1In performing the
update steps in the layered approach to decoding a ‘
non-binary LDPC code, R, P, and/or Q type messages may be
read from or written to various decoder memory locations.
These messages may be read from or written to decoder
memory in LLRV form, metric vector form, or any other
form. The messages may be converted between forms prior
to, after, or during the reading or writing of these
messages.

[0060] Each row of non-binary quasi-cyclic parity
check memory matrix 628 may correspond to both grouped
check nodes as well as a layer to be processed during
layered decoding. For example, during layered decoding
the first row‘of non-binary quasi-cyclic parity check
matrix 628 may be processed. The data in the memory
location corresponding to the first row of parity check
matrix 628 may be read from R memory 601, prior to the
grouped check nodes corresponding to the first row have
updated, and previous R type messages 622, Roiq, may be
derived from the stored data. After the grouped check
nodes corresponding to the first row of parity check
matrix 628 have updated, the data in the memory location
corresponding to the first row of parity check matrix 628
may then be read from R memory 601 and R type

messages 624, Rpew, may be derived from this data. P type
messages 626 in the first column in P memory 602 may be

read from memory. These messages may be associated with
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the column containing the first non-zero circulant in the
first row of parity check matrix 628.

[0061] Using this information, each of the variable
nodes in the grouped variable nodes associated with the
first column of parity check matrix 628 may each compute
a P type or a Q type message. For example, each of these
variable nodes may compute the a-posteriori probability P
type message (initially, prior to the start of the
decoding process, P may be set to the initial message for
the variable node Ljnitia1) . These variable nodes may
compute Q:= P — Roig and Ppew:= Q + Rpew Prior to computing
Q, the P message may have to be circularly shifted to
align the P and R, ¢ messages. This may be done, for
example, using the barrel shifter used by the layered
LDPC decoder.

[0062] The grouped variable nodes associated with the
first column of parity check matrix 628 may then store
the computed Pp, messages in the associated location in

P memory 602. These Pnh,z Messages may be sent to grouped
check nodes associated with a row of parity check

matrix 628 (i.e., a layer being processed). Using the
Prew Messages, these grouped check nodes may update and
buffer the data used for computing R type messages.

[0063] FIG. 7 shows a simplified block flow diagram of
the operation of layered non-binary LDPC decoder 700 in
accordance with some embodiments. Non-binary LDPC
decoder 700 may process and decode LDPC codes (received

vectors) using a layered approach to decoding.
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Non-binary LDPC decoder 700 (which may be similar to

LDPC decoder 116 of FIG. 1) includes APP memory 702,
barrel shifter 704, APP adjustment block 706, scale and
saturate block 708, temporary Q buffer block 710,
temporary sign buffer block 712, sign memory 714,
component-wise minimum computation block 716, computation
blocks 718 and 720, compute R message block 722, APP
adjustment block 724, R memory 726, computation

blocks 728 and 730, compute R message block 722, and
additional components (not shown) used to decode a
received LDPC vector (e.g. received vector 114 of

FIG. 1).

[0064] APP memory 702 initially receives and stores
channel information, such as the initial message, Lijnitials
for each variable in the received vector computed by the
decoder or received by the decoder from, e.g., a channel
detector. In addition, APP memory 702 stores P type
messages and outputs the appropriate P type message to
barrel shifter 704. Barrel shifter 704 cyclically shifts
and aligns the P type message it receives from APP

memory 702 so that the P type message 1s aligned with the
appropriate R type message (from the appropriate check
grouped node), Roig (e.g. R type message 622 of FIG. 6).
Barrel shifter 704 then outputs this message to APP
adjustment block 706. Using an Rqg message it receives
from compute R message block 732 and the P type message
from barrel shifter 704, APP adjustment block 706

computes a Q type message using Q:= P - R4, as discussed
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above. APP adjustment block 706 then outputs this Q type
message to scale and saturate block 708 and temporary Q
buffer block 710.

[0065] Scale and saturate block 708 may scale (by
multiplying by a scale factor that may be any numerical
value) and/or saturate the entries of the Q type message
it receives from APP adjustment block 706 and output the
result to temporary sign buffer block 712, sign

memory 714, and component-wise minimum computation

block 716. Temporary Q buffer block 710 temporarily
stores the Q type message it receives from scale and
saturate block 708 for use at an appropriate time. For
example, temporary Q buffer block 710 delays and stores
the Q type message until it outputs this message to APP
adjustment block 724 for the computation of a P type
message. Temporary sign buffer block 712 temporarily
stores the sign (for each entry) of the Q type message it
receives from scale and saturate block 708 until it
outputs this information to compute R message block 722,
for the computation of a R type message. Similarly, sign
memory 714 stores the sign (for each entry) of the Q type
message it receives from scale and saturate block 708 and
outputs this information to compute R message block 732
for the computation of a R type message.

[0066] Component-wise minimum computation block 716
computes data such as entry/component-wise minimums of
the Q type messages it receives from scale and saturate

block 708 and other data used to derive R type messages
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and outputs this data to computation block 718 and

R memory 726. For example, component-wiée minimum
computation block 716 may calculate the data Minl (M'),
MinlIndex (i'), Min2 (M''), and an AccumulatedSign (s).
These may be intermediate data values and further
processing of this data may be necessary to derive
similar data values for an entire layer associated with
the layered decoding approach. Computation blocks 718
and 720 uses the data received from component-wise
minimum computation block 716 to compute other data
(e.g., Wi, Wy, i', Mz, and/or s), for a layer associated
with the layered decoding approach. The blocks use the
computed data to derive R type messages and output this
data to compute R message block 722. Compute R message
block 722 selects the appropriate data from computation
blocks 718 and/or 720 and uses this data to derive the R
type message, Rpew described above, which is output to APP
adjustment block 724. APP adjustment block 724 adds the
Q type message it receives from temporary Q buffer 710
with the R type message, Rpew, it receives from compute R
message block 722 using P := Q + Rpew, as discussed above.
APP adjustment block 724 then outputs this computed

P type message to APP memory 702 to be stored.

[0067] R memory 726 stores the data used to derive R
type messages that it receives from component—wise
minimum computation block 716, and outputs this data to
computation block 728. Computation blocks 728 and 730

use the data they receive from R memory 726 to compute
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other data (e.g., Ui, Wiy, i', M2, and/or s), for a layer
associated with the layered decoding approach. These
blocks use the computed data to derive R type messages
and output this data tc compute R message block 732.
Compute R message block 732 selects the appropriate data
from computation blocks 728 and/or 730 and uses this
data to derive the R type message, R, 4 described above,
which is output to APP adjustment block 706.

[0068] In some embodiments, non-binary LDPC

decoder 700 includes a format converter (not shown). The
format converter may be a stand-alone component or may be
a part of any of the aforementioned components of
non-binary LDPC decoder 700. The format converter is
used to convert P, Q, and/or R type messages and/or any
other type of soft information (e.g., an initial message)
between a LLRV form and a metric vector form in order to
efficiently process and decode a received vector.
Conversion between metric vector form and LLRV form may
be performed as described above with respect to FIGS. 2B
and 2C. For example, when a comparison operation is to
be performed on messages (e.g., when comparing P and/or Q
type messages to determine entry-wise minimum values
and/or minimal message values, to compute R type
messages), it may be most efficient to use messages in
the metric vector form. Therefore, messages may be
converted from metric vector form to metric vector form
prior to performing comparison operation in the decoder

(e.g., prior to the operation of component-wise minimum
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computation block 716). When an arithmetic operation is
to be performed on messages (e.g., when computing P
and/or Q type messages or performing a summation
operation using messages), it may be most efficient to
use the LLRV form. Therefore, messages may be converted
from metric vector form to LLRV form prior to performance
of an arithmetic operation in the decoder (e.g., prior to
or during the operation of APP adjustment

blocks 706 and/or 724).

[0069] FIG. 8 shows a simplified ASIC block diagram of
layered non-binary LDPC decoder 800 in accordance with
some embodiments. Non-binary LDPC decoder 800 may be
used to decode a received vector using a layered approach
to decoding (e.g., using min-sum decoding). Non-binary
LDPC decoder 800 (which may be similar to

LDPC decoder 116 of FIG. 1 and non-binary LDPC

decoder 700 of FIG. 7) includes P memory 802,

shifter 804, Q Computation Unit (QCU) 806, Q buffer 808,
Q memory 810, Check Node Unit (CNU) 812, R Select Unit
(RSU new) 814, P Computation Unit (PCU) 816,

R memory 818, Layer r block 820, buffer 822, R Select
Unit (RSU old) 824, Syndrome Computation Unit (SCU) 826,
Hard Decision (HD) monitor 828, early termination

block 830, demultipexer 831, multiplexer 832, buffer 834,
and additional components (not shown) used to decode a
received LDPC vector {(e.g. received vector 114 of

FIG. 1). Decoder 800 may have several pipelines to allow
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it to have a high throughput (e.g., about or greater than
7 gigabits per second, Gbps).

[0070] In some embodiments, non-binary LDPC

decoder 800 may include LDPC decoding control 850.
Decoding control 850 may be used for step-by-step
scheduling and control of, a non-binary LDPC decoder
(e.g., layered non-binary LDPC decoder 800). Decoding
control 850 may schedule and control the operation of
each of the components of LDPC decoder 800 (including
each of the components in the decoder used to process P,
Q, and/or R type messages and decode a received vector).
Decoding control 850 may include control memory address
register 852, control memory 854, and controller 856.
[0071] In some embodiments, non-binary LDPC

decoder 800 may include format converter 860. In some
embodiments, format converter 860 may be a stand-alone
component within LDPC decoder 800. 1In some embodiments,
format converter 860 may be a part of and/or internal to
any of the components within non-binary LDPC decoder 800.
Format converter 860 converts P, Q, and/or R type
messages and/or any other type of soft information
between LLRV form and metric vector form.

[0072] P memory 802 initially receives and stores
channel information, such as the initial message, Linitials
for each variable in the received vector computed by the
decoder or received by the decoder from, e.g., a channel
detector. In addition, P memory 802 stores P type

messages and outputs the appropriate P type message to
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shifter 804. Shifter 804 cyclically shifts and aligns
the P type message it receives from P memory 802 so that
the P type message is aligned with the appropriate R type
message (from the appropriate check grouped node), Roig
{e.g. R type message 622 of FIG. 6). Shifter 804 outputs
this message to QCU 806 and to HD monitor 828.

Using an Rgg message it receives from RSU old 824 and the
P type message from shifter 804, QCU 806 computes a Q
type message using Q:= P - R,g (which is passed from a
variable node to a check node), as discussed above.

QCU 806 then outputs this Q type message to Q buffer 808,
0 memory 810, and CNU 812. Q buffer 808 temporarily
stores the Q type méssage it receives from QCU 806 for
use at an appropriate time. For example, Q buffer 808
delays and stores the Q type message until it outputs
this message to PCU 816 for the computation of a P type
message. Q buffer 808 also outputs the sign (for each
entry) of the Q type message to RSU new 814.

Q memory 810 stores the Q type messages it receives from
QCU 806 and outputs a Q type message to RSU old 824 when
necessary.

[0073] CNU 812 computes data such as
entry/component-wise minimums of the Q type messages it
receives from QCU 806 (e.g., using a comparison
operation) as well as other data used to derive R type
messages. For example, CNU 812 may calculate the data
Minl (M'), MinlIndex (i'), Min2 (M''), and an
AccumulatedSign (s), described above. CNU 812 outputs
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the data that it computes to R memory 818 and a data
input of multiplexer 832. In some embodiments, CNU 812
may also output the Q type messages it receives from

QCU 806 to a data input of multiplexer 832. RSU new 814,
selects the appropriate data from buffer 834 and the
information it receives from Q buffer 808 to derive the R
type message, Rpew described above, which is output to

PCU 816. PCU 816 adds the Q type message it receives
from Q buffer 808 with the R type message, Rpews it
receives from RSU new to compute a P type message using

P := Q + Rpew, as discussed above. PCU 816 then outputs
this computed P type message (a variable node message) to
P memory 802 to be stored and to SCU 826. R memory 818
stores the data used to derive R type messages that it
receives from CNU 812, and outputs this data to a data
input of multiplexer 832.

[0074] Layer r block 820 computes the minimal and
second minimal Q type messages and the location of these
minimal Q type messages from information it receives from
multiplexer 832. These computations may be used to
derive an R type message using, as discussed above.

Layer r block 820 outputs the result of its computations
to demultiplexer 831. Layer r block 820 may be used on
two paths of decoder 800 to save implementation cost in
the decoder. Buffer 822 may receive one of the data
outputs of demultiplexer 831, (i.e., the results of the
computations from Layer r block 820) and may temporarily

store the data it receives for use at a n appropriate
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time, until this data i1s output to RSU old 824.

RSU old 824 selects the appropriate data from buffer 822
and the information it receives from Q memory 810 to
derive the R type message, Ryg described above, which is
output to QCU 806. SCU 826 computes a syndrome (e.g.,
syndrome 216 of FIG. 2A) of each layer's decoding result
based on P type messages it receives from PCU 816.

During the computation of the syndrome, SCU 826 may
determine whether each layer's decoding result satisfies
the check equations associated with that layer (e.g., the
decoding result indicates a zero syndrome). SCU 826
provides its results to early termination block 830. HD
monitor 828 receives a P type message from PCU 816 and a
corresponding P type message from P memory 802 and
determines a hard decision value (a variable value) for
the variable associated with the P type message.

HD monitor 828 may output its determination to early
termination block 830. SCU 826 and HD monitor 828 may be
used to determine the quality of decoding in decoder 800.
Early termination block 830 may indicate to a top-level
decoder 800 controller (e.g., controller 856) that
decoder 800 converged to a valid codeword based the
syndromes (e.g., if all computed syndromes are equal to
zero and/or if the output of HD monitor 828, associated
with a received vector, is determined to be a valid
codewozrd) .

[0075] Decoding control 850 may include control memory

address register 852, control memory 854, and
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controller 856. Memory address register 852 receives an
input instruction number and determines an address to be
used to select an appropriate instruction from

control memory 854. Memory address register 852 outputs
the address that it determines to control memory 854.
Control memory 854 receives an address from memory
address register 852 and outputs to controller 856 an
instruction at the received address location in memory.
Control memory 854 may be reprogrammable.

Control memory 854 is used to store one or more
instructions related to operation of layered non;binary
LDPC decoder 800. In particular, the instructions may be
used to schedule and control the operation of each of the
components of non-binary LDPC decoder 800 (e.g.,
including each of the components in the decoder used to
process P, Q, and/or R type messages and decode a
received vector). Control memory 854 may store
instructions for one iteration of decoder 800 and may
reuse these instructions for other iterations.

[0076] Controller 856 may receive instructions from
control memory 854 and provide output signals that are
used control the operation of layered non-binary LDPC
decoder 800 and its components based on the received
instructions. The ease of implementation of decoding
control 850 may be advantageous in the design of
non-binary LDPC decoder 800. For example,

decoding control 850 (which may be used to control

pipelines of information between or within the components

SUBSTITUTE SHEET (RULE 26)



WO 2011/127287 PCT/US2011/031583

10

- 46 -

of decoder 800) may be easier to implement then a
state-machine based control.

[0077] Decoding control 850 may store instructions and
perform step-by-step scheduling for and control the
operation of non-binary LDPC decoder 800>using these
instructions. Each instruction may make use of several
field names. For example, the following table provides
some of the field names, the number of bits used for
storing the information related to the field, and a

description of the use of the field:

Field name Bit width |[Description

DELTA SHIFT O, 5 Specifies a delta

DELTA SHIFT 1, shift amount for a

DELTA SHIFT 2, shifter

DELTA SHIFT 3

PA O, PA 1, PA 2, PA 3 7 P memory address

HO0, H1l, H 2, H 3 2 Specifies a non-zero
circulant entry
location in a parity
check matrix

LAYER END 1 Provides an
indication of the end
of a layer of
decoding

[0078] By way of example, decoding control 850 may

provide instructions to control shifter 804, which shifts
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and aligns the P type message it receives as described
above. The instructions may specify a delta shift using
the fields as specified in the table above. The delta
shift fields above may be coded using five binary bits:
b4, b3, b2, bl, and b0. Here, b4 = 1 may imply a shift
of 12, b3 = 1 may imply a shift of 6, b2 = 1 may imply a
shift of 4, bl = 1 may imply a shift of 2, and b0 = 1 may
imply a shift of 1. For example [b4, b3, b2, bl, b0] =
(1, 0, 0, 1, 1] may imply a shift of 15. A shifting
operation may have to be performed on a message when LDPC
decoding of a received vector is performed, when an
initial set of messages is computed by the non-binary
LDPC decoder (e.g., LDPC decoder 800 of FIG. 8), and/or
when an initial set of messages received (e.g., by a
channel detector such as a SOVA channel detector) by a
non-binary LDPC decoder. The shift of the messages may
be accumulated {(in stages) from the start of processing
of a layer (in a layered approach to decoding used by the
non-binary LDPC decoder) to the end of processing the
layer.

[0079] As another example, instructions may be
provided by decoding control 850 to read and write
messages to and from P memory (e.g., P memory 802). A

P wr addr instruction may be used to write a P type
message, P new, back into P memory. A instruction,

p wr addr circ{(i), where, for example, i =1, 2, 3, or 4
may be used to delay reading of P type message from P

memory. The reading of an old P type message may be
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delayed by a number, n (e.g., n = 16) clock cycles in the
decoder to align it with an updated P type message. For
example, the instructions to read and write P type
message from P memory may take the form:

{PA 0, 2'Db00},

{PA 0, 2’b01},

{PA 0, 2’bl0},

{PA 0, 2'Dbl1l},

addr circl

addr circ?2

addr circ3

i

addr circ4

rd addr circl p addr circl,

rd addr circ2 p addr circ2,

rd addr circ3 p addr circ3, and

rd addr circéd p addr circd

T W v T W W T ‘T

[0080] As yet another example, instructions may be
provided by decoding control 850 to mark (e.g., set to
one) the end of a layer bit in control memory 854 (which
indicates the end of processing of a layer in

decoder 800) a number nl cycles (e.g., clock cycles)
ahead of the actual end of a layer. Marking the end of a
layer bit may trigger a read operation in the decoder and
may allow for a delay (e.g., for R type messages) of nl
cycles until the actual end of processing of a layer in
the decoder. 1In addition, instructions may be provided
so that a counter, counter idx, may be cleared at the
actual end of a layer and may be incremented by one when
the address in control memory 854 is incremented by one.

For example, these instructions may take the form:

Nzc idx circl {counter idx, 00},

Nzc idx circ2 {counter idx, 01},
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Nzc idx circ3 = {counter idx, 10}, and

{counter idx, 11}.

Nzc idx circéd
[00B1] As yet another example, instructions may be
provided by decoding control 850 that specify a value for
h edge, which may be substantially similar to weight (or,
equivalently coefficient), hy,y, discussed above. In
addition, when h edge = 0 (or hy,y = 0) it may act as a
flag to disable a particular circulant and may cause
decoding control 850 to generate the control signals

cnu en circ(i), rsu en circ(i) (new and old), and

p rd en, p wr en(i) for i = 1, 2, 3, 4, in addition to

hd check en, syndrome check en, and shift accumulate en.
Decoding control 850 may also provide instructions to
delay (a number of clock cycles) information in the
pipelines that operate between or within components of
decoder 800.

[0082] In some embodiments, format converter 860 may
be a stand-alone component within LDPC decoder 800. 1In
some embodiments, format converter 860 may be a part of
and/or internal to any of the components within
non-binary LDPC decoder 800. Format converter 860 may be
used to convert P, Q, and/or R type messages and/or any
other type of soft information (e.g., an initial message)
between LLRV form and metric vector form. Format
converter 860 may receive at its input soft information
(e.g., P, Q, and/or R type and/or initial messages) in
either metric vector form or LLRV form and may output the

soft information in the other form. Conversion between
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metric vector form and LLRV form may be performed as
described above with respect to FIGS. 2B and 2C.

[0083] It may be necessary to convert soft information
within the decoder (e.g., P, Q, and R type messages
computed within the decoder or messages received by the
decoder) between LLRV form and metric vector form in the
process of decoding a received vector. Format

converter 860 may be used for the conversion of the soft
information/messages from LLRV form to metric vector form
or from metric vector form to LLRV form. For example,
when a comparison operation is to be performed on
messages (e.g., when computing R type messages,
entry-wise minimum values, and/or minimal message
values), it may be most efficient to use messages in the
metric vector form. Therefore, messages may be converted
from LLRV form to metric vector form prior to performance
of a comparison operation in the decoder. When an
arithmetic operation is to be performed on messages
(e.g., when computing P and/or Q type messages, or
performing a summation operation using messages), it may
be most efficient to use the LLRV form. Therefore,
messages may be converted from metric vector form to LLRV
form prior to performance of an arithmetic operation in
the decoder.

[0084] FIG. 9 shows an example of hardware
implementation hierarchy 900 of non-binary LDPC

decoder 800 of FIG. 8 in accordance with some

embodiments. There are multiple levels of hierarchy in
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the example of hardware implementation hierarchy 900.

For example, exemplary hardware implementation

hierarchy 900 includes levels 910, 912, 914, 916, 918,
920, 922 and 924, each of which may include several
components. In addition, the hardware implementation
hierarchy 900 may include an implementation hierarchy for
each component at each level of hierarchy 900. For
example, the cell top at level 912 of hierarchy 900 may
include levels 930, 932, 934, 936, and 938, each of which
includes several components.

[0085] Level 910 includes a LDPC decoder top, which
may be substantially similar in operation and
implementation to LDPC decoder 800 of FIG. 8. The LDPC
decoder top is at the head of hardware implementation
hierarchy 900. The LPDC decoder top has an interface to
communicate with components at level 912. Level 912 |
includes a check node unit top (CNUL TOP), a cell top
(CELL TOP), a R calculate unit top (RCALU TOP), a R
memory (RMEM), an input/output unit (IO), a Q memory
(QSMEM), and a scheduler.

[0086] The check node unit top may have an interface
to communicate with components at level 914, which may
include several check node units (CNUs), each for a
different check node. The check node unit top and/or the
several check node units at level 914 may each be
substantially similar in operation and implementation to

CNU 812 of FIG. 8.
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[0087] The R calculate unit top may have an interface
to communicate with components at level 916, which may
include several R calculate units (RCALCUs). The R
calculate unit top and/or the several R calculate units
at level 916 may each be substantially similar in
operation and implementation to RSU new 814 and/or

RSU old 824 of FIG. 8. The R memory may be substantially
similar in operation and implementation to R memory 818
of FIG. 8.

[0088] The input/output unit may have an interface to
communicate with components at level 918, which may
include several P computation input/output units

(IO PCUs) and a P first-in-first-out queue (P FIFO). The
input/output unit, the several P computation input/output
units, and the P first-in-first-out queue at level 916
may each operate to provide input and output from P
computation units such as, e.g., PCU 816 of FIG. 8.

[0089] The scheduler may have an interface to
communicate with components at level 922, which may each
have an interface to communicate with components at

level 924. Level 922 may include an APP transfer unit
(APP XFER) and a controller. Level 924 may have LZs and
S21 transfer units (L2s xfer and S21I xfer, respectively).
The scheduler, and the components at levels 922 and 924
may be substantially similar in operation and
implementation to decoding control 850 of FIG. 8.

[0090] The cell top at level 930 may have an interface

to communicate with components at level 932, which may
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each have an interface to communicate with the components
at level 934. Level 932 may include several non-zero
circulant processing units (CELL circs), each of which
may be a non-zero circulant in a LDPC parity check matrix
(e.g., non-binary quasi-cyclic parity check matrix 310 of
FIG. 3, in a mother matrix representation). Level 934
may include several sets of components, each for one of
the several non-zero circulant processing units at level
932. 1In particular, level 934 may include a P
computation unit top (PCU TOP), a P memory (P MEM), a
shifter, a Q computation unit top (QCU TOP), a hard
decision monitor (HDM), a syndrome computation unit
(SCU), and a Q buffer top (QBuf TOP).

[0091] The P computation unit top may have an
interface to communicate with components at level 936,
which may include several P computation units (PCUs).

The P computation unit top and the several P computation
units at level 936 may each be substantially similar in
operation and implementation to PCU 816 of FIG. 8. The

P memory may be substantially similar in operation and
implementation to P memory 802 of FIG. 8. The shifter
may be substantially similar in operation and
implementation to shifter 804 of FIG. 8.

[0092] The Q computation unit top may have an
interface to communicate with components at level 938,
which may include several Q computation units (QCUs).

The Q computation unit top and the several Q computation

units at level 938 may each be substantially similar in

SUBSTITUTE SHEET (RULE 26)



WO 2011/127287 PCT/US2011/031583

10

15

20

25

- 54 -

operation and implementation to QCU 806 of FIG. 8. The
hard decision monitor may be substantially similar in
operation and implementation to HD monitor 828 of FIG. 8.
The a syndrome computation unit may be substantially
similar in operation and implementation to SCU 826 of
FIG. 8. The Q buffer top may be substantially similar in
operation and implementation to Q buffer 808 of FIG. 8.
[0093] FIG. 10 shows a flowchart of process 1000 for
decoding a received vector using a non-binary decoder in
accordance with some embodiments. Process 1000

includes 1002, 1004, and 1006. Process 1000 may be
executed by, for example, a non-binary LDPC decoder (e.g.
LPDC decoder 700 of FIG. 7).

[0094] At 1002, an initial set of messages or any
other type of soft information may be computed by a
decoder (e.g., LDPC decoder 116 of FIG. 1, non-binary
LDPC decoder 700 of FIG. 7, or non-binary LDPC

decoder 800 of FIG. 8) or sent to a decoder by, for
example, a channel detector. In particular, as discussed
above, these messages may be derived from a received
vector and may be in LLRV form or metric vector form.

For example, for GF(4) codewords, the decoder may compute
or receive an initial message in LLRV form using the

equation

T
N P(v,=0) P(v, =0) P(v,=0) ,
Liiiad V)= {log( P =1) ), log(P(v, — 2)),log( POy, = 3)):| for each i, where

h

v; may represent the variable associated with the it
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entry in a (e.g., received vector 114 of FIG. 1). Next,
1004 may be executed.
[0095] At 1004, P, Q, and/or R type messages and/or

any other type of soft information may be computed in
LLRV form or in metric vector form. P and/or Q type
messages may be computed (by variable nodes), for
example, in an iterative message passing algorithm and/or
while using a layered approach to decoding a received

vector (or code) using a decoder (e.g., LDPC decoder 116

.of FIG. 1, non-binary LDPC decoder 700 of FIG. 7, or

non-binary LDPC decoder 800 of FIG. 8). For example, P
an/or Q type messages may be computed (in LLRV form or in
metric vector form ) to be passed from variable nodes to
check nodes in the process of decoding the received
vector in the decoder. Similarly,

R type messages may be computed (by check nodes), for

example, in an ilterative message passing algorithm or

_ while using a layered approach to decoding a received

vector (or code) using a decoder (e.g., LDPC decoder 116
of FIG. 1, non-binary LDPC decoder 700 of FIG. 7, or
non-binary LDPC decoder 800 of FIG. 8). For example, R
type messages may be computed (in LLRV form or in metric
vector form) to be passed from variable nodes to check
nodes in the process of decoding the received vector in
the decoder. P, Q, and/or R type messages may be
computed, for example, as described with reference to

FIGS. 2B, and 4-8, above. Next, 1006 may be executed.
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[0096] At 1006, P, Q, and/or R type messages and/or
any other type of soft information (e.g., an initial
message) may be converted between metric vector form and
LLRV form before, during, and/or after processing the P,
Q, and/or R type messages. A format converter (e.g.,
format converter 860 of FIG. 8) may be used to perform
these conversions before, during, or after decoder (e.g.,
LDPC decoder 116 of FIG. 1, non-binary LDPC decoder 700
of FIG. 7, or non-binary LDPC decoder 800 of FIG. 8)
processing of the messages and/or soft information. Such
conversions may be used by the decoder to decode a
received vector (or code). Conversion between metric
vector form and LLRV form may be performed as described
above with respect to FIGS. 2B and 2C.

[0097] For example, when a comparison operation is to
be performed on messages (e.g., when comparing P and/or Q
type messages to determine entry-wise minimum values
and/or minimal message values, to compute R type
messages), it may be most efficient to use messages in
the metric vector form. Therefore, messages may be
converted from LLRV form to metric vector form prior to
performance of a comparison operation in the decoder
(e.g., prior to the operation of component-wise minimum
computation block 716 of FIG. 7 or CNU 812 of FIG. 8).
When an arithmetic operation is to be performed on
messages (e.g., when computing P and/or Q type messages
or performing a summation operation using messages), it

may be most efficient to use the LLRV form. Therefore,
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messages may be converted from metric vector form to LLRV
form prior to performance of an arithmetic operation in
the decoder (e.g., prior to or during the operation of
APP adjustment blocks 706 and/or 724 of FIG. 7, QCU 808
of FIG. 8, or PCU 816 of FIG. 8).

[0098] It should be understood that the above steps of
process 1000 may be executed or performed in any order or
sequence not limited to the order and sequence shown and
described in the figure. Also, some of the above steps
of process 1000 may be executed or performed
substantially simultaneously where appropriate or in
parallel to reduce latency and processing times. Some or
all of the above steps of process 1000 may be executed by
any of the blocks and/or components (circuitry) discussed
herein.

[0099] The foregoing description of embodiments of the
present disclosure provides illustration and description,
but is not intended to be exhaustive or to limit the
disclosure to the precise form disclosed. Modifications
and variations are possible in light of the above
teachings or may be acquired from practice of what is
disclosed herein. For example, while a LDPC decoder is
described with relation to FIGS. 1-10, these may be
replaced by any type of decoder (e.g., the LDPC decoder
could instead or more particularly be any type of Turbo
Code decoder, any type of layered decoder, any type of
flooding decoder, or any other type of decoder). The

decoder may also be any variant of these decoders (e.g.,
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a hard decoder, a bit-flipping decoder, a soft decoder,
or any other variant of a decoder). Additionally, the
decoder may make use of either hard information or soft
information to decode incoming information. While
multiple examples that make use of Galois Fields of size
4 are disclosed herein, Galois Fields of any size may be
used. In addition, while certain components of this
disclosure have been described as implemented in hardware
and others in software, other configurations may be

possible.
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What is claimed is:

1. A method for decoding, using a non-binary
decoder, a vector received from a communications channel,

the method comprising:

determining soft information based on the
received vector using a detector;

computing a plurality of messages based on
the determined soft information, wherein each of the
plurality of messages are in one of a first form and a
second form; and

converting at least one of the plurality
of messages from the one of the first form and the second
form to the other of the first form and the second form
using a format converter to thereby decode the received

vector.

2. The method of claim 1, wherein the first
form is a metric vector form and the second form is a

log-likelihood-ratio vector (LLRV) form.

3. The method of claim 1, wherein the one of
the first form and second form relates non-binary
variable values to variable likelihood values that are
relative to a most likely of the non-binary variable

values.
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4, The method of claim 1, wherein the

converting is based on a comparison operation being

performed on at least two of the plurality of messages.

5. The method of claim 1, wherein the
converting is based on an arithmetic operation being

performed on at least one of the plurality of messages.

6. The method of claim 1, wherein the soft
information relates non-binary variable values to

variable likelihood wvalues.

7. The method of claim 1, wherein the soft
information is in one of the first form and the second

form.

8. The method of claim 1 wherein the
computing comprises processing the soft information and
the plurality of messages using a layered decoding

5 approach.

9. The method of claim 1, wherein the
received vector comprises non-binary variables chosen

from elements of a Galois field.
10. The method of claim 1 wherein the

non-binary decoder is a non-binary low-density parity

check code (LDPC) decoder.
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11. A device for decoding a vector received

from a communications channel, the device comprising:

a detector configured to determine soft
information based on the received vector;

a non-binary decoder configured to compute
a plurality of messages based on the determined soft
information, wherein each of the plurality of messages
are in one of a first form and a second form; and

a format converter configured to convert
at least one of the plurality of messages from the one of
the first form and the second form to the other of the
first form and the second form to thereby decode the

received vector.

12. The device of claim 11, wherein the first
form is a metric vector form and the second form is a

log-likelihood-ratio vector (LLRV) form.

13. The device of claim 11 wherein the one of
the first form and second form relates non-binary
variable values to variable likelihood values that are
relative to a most likely of the non-binary variable

values.

14. The device of claim 11, wherein the format

converter is further configured to convert based on a
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comparison operation being performed on at least two of

5 the plurality of messages.

15. The device of claim 11, wherein the format
converter is further configured to convert based on an
arithmetic operation being performed on at least one of

5 the plurality of messages.

16. The device of claim 11, wherein the soft
information relates non-binary variable values to

variable likelihood values.

17. The device of claim 11, wherein the soft
information is in one of the first form and the second

form.

18. The device of claim 11, wherein the
non-binary decoder is further configured to process the
soft information and the plurality of messages using a

5 layered decoding approach.

19. The device of claim 11, wherein the
received vector comprises non-binary variables chosen

from elements of a Galois field.
20. The device of claim 11, wherein the

non-binary decoder is a non-binary low-density parity

check code (LDPC) decoder.
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